Abstract-In this article, we present a real-time threedimensional (3D) hybrid beamforming for fifth generation (5G) wireless networks. One of the key concepts in 5G cellular systems is a small cell network, which settles the high mobile traffic demand and provides uniform user-experienced data rates. The overall capacity of the small cell network can be enhanced with the enabling technology of 3D hybrid beamforming. This study validates the feasibility of the 3D hybrid beamforming, mostly for link-level performances, through the implementation of a realtime testbed using a software-defined radio (SDR) platform and fabricated antenna array. Based on the measured data, we also investigate system-level performances to verify the gain of the proposed smart small cell system over long term evolution (LTE) systems by performing system-level simulations based on a 3D ray-tracing tool.
I. INTRODUCTION
For the past several years, fifth generation (5G) wireless communication has been actively discussed both in academia and the industry as a means of providing various mobile convergence services. Many 5G project groups have been established to propose service scenarios and target performance metrics. Currently, the amount of mobile data traffic is tremendous, and it is expected, most assuredly, to increase [1] . Given this fact, one important application that most 5G project groups are likely to support is high data rate communications [2] , [3] . Because of such a scenario, ITU recently agreed to define key performance indicators (KPIs) for 5G wireless communication including the user-experienced data rate and the data rate per area.
A key enabling technology to support a high data rate service scenario appears to be a small cell network [2], [3] . Theoretically it is known that, when a network is in the interference-limited regime, spectral efficiency per area increases linearly with the number of small cells [4] . From the viewpoint of spatial domain, however, there are huge differences in wireless channel characteristics between small cell networks (e.g., outdoor-to-indoor or indoor-to-indoor) and conventional macro cell networks. First, the elevation angle of the ray propagation becomes highly influential, especially
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This research was partly supported by the MSIP (Ministry of Science, ICT and Future Planning), Korea where base stations (BSs) and users are distributed in 3-dimensional (3D) space, such as urban small cell scenarios. Second, various channel environments may occur in a small cell network, since, in a small cell network, the space constraint for cell deployment can be greatly mitigated-thanks to the reduced deployment time and cost. For example, BSs and users can be placed indoors or outdoors, and the channel conditions are affected dynamically by their relative locations. Furthermore, non-uniform cell deployment may cause crucial intercell interference. Hence, not only needed is the densification of the network but also the small cell technologies that reflect the above issues so as to enhance the network performance and to fulfill 5G target KPIs.
As a candidate for the small cell architecture of a 5G small cell network, we propose a smart small cell concept as illustrated in Figure 1(a) . To improve the overall system throughput, the smart small cell system applies a mixture of 3D radio frequency (RF) analog beamforming and baseband digital beamforming, which is referred to as 3D hybrid beamforming in this paper. It provides user-perspective (specific) 3D beam directivity that is appropriate to the channel condition of each user. In order to exploit distinguishable beams at an elevation angle, the smart small cell system uses a twodimensional (2D) antenna array instead of a linear antenna array with a fixed radiation pattern in the vertical domain. When 3D beams among cells are conflicted, a uniform userexperienced data rate could be provided by applying additional baseband intercell interference management-interference alignment and/or intelligent cell associations [5] .
Focusing on a hybrid beamforming system, it was particularly proposed for millimeter wave (mm-wave) communications. In the mm-wave communications, a beamforming with a number of antennas is used to overcome a pathloss of high frequency and to obtain a practical link budget. Furthermore, the hybrid analog/digital-processing strategy is considered to reduce RF hardware costs and a computational complexity versus the full digital beamforming where each antenna element is equipped with a separate RF chain. The feasibility of the hybrid beamforming for mm-wave communication has been extensively evaluated by simulations and prototypes [6] , [7] . In most cases, the beam weights are designed with the knowledge of instantaneous or statistical channel state information (CSI) at all antenna elements, which, before data transmission, requires sufficient training.
In this article, we discuss a novel 3D hybrid beamforming scheme designed without the advance knowledge of the CSI of all the antenna elements. We examine the link-and system- level performances between the proposed smart small cell system and conventional multiple input multiple output (MIMO) system through the real-time software-defined radio (SDR) testbed and 3D ray tracing-based simulations, respectively. The results show that the proposed 3D hybrid beamforming system can enhance the area spectral efficiency of the 5G small cell network tremendously even in the currently used frequency band of cellular systems (under 5 GHz).
II. 3D HYBRID BEAMFORMING DESIGN
We consider a 3D hybrid beamforming system, shown in Figure 1(b) , that consists of M RF chains and M subarrays; a subarry is defined as a subset of antenna elements [6] . Each subarray has N antenna elements and is connected to each RF chain (or baseband channel), so the total number of antenna elements is M N . Note that each antenna element is connected to each separate RF chain in the conventional MIMO system. A 2D subarray is considered for both vertical and horizontal analog domain beamforming, i.e., directive 3D beamforming. In the digital domain, multiple baseband channels can support multiple users, or spatial multiplexing through highly directive beamforming by grouping several subarrays into a virtually large subarray.
In the conventional hybrid beamforming design, perfect knowledge is assumed regarding the instantaneous CSI of all M N antenna elements. To implement this in a practical system, however, is difficult, as such a system is incompatible with currently operating wireless communication systems-long term evolution (LTE). Since the number of RF chains is smaller than that of antenna elements in the hybrid beamforming system, the training duration for sending pilot signals of the hybrid beamforming system is at least N times longer than that of the conventional MIMO system. Furthermore, in an LTE system, since the reference signal (RS) is transmitted simultaneously with the data and is allocated in disjointed time slots, it is difficult to estimate the CSI of all antenna elements before data transmission.
In the proposed hybrid beamforming, our design criterion is to optimize the beam weight in the average sense to avoid the measurement of the instantaneous CSI of M N antenna elements. The proposed design targets the maximization of the average signal-to-noise-ratio (SNR) of a specific user. An iterative algorithm tracking the corresponding beam weight is applied, and the proposed scheme only requires the information of previously used beam weights and the corresponding M -dimensional beamformed baseband CSI. For more details, see Section IV-B.
III. TESTBED SETTINGS: SYSTEM SPECIFICATIONS &
HARDWARE ARCHITECTURE The designed real-time hybrid beamforming testbed is based on the LTE standard [8] with the following system specifications: a transmission bandwidth of 20 MHz, 30.72 MHz sampling rate, 15 kHz subcarrier spacing, 2048 fast Fourier transform (FFT) size, and variable 4/16/64 quadrature amplitude modulation (QAM). For this reason, we refer to the testbed as the hybrid beamforming-aided LTE system. Figure 2(a) depicts the implemented prototype; given below is a detailed explanation of the hardware components.
A. Software-Defined Radio Platform
The SDR platform consists of the following hardware components, which are shown in Figure 2 (b).
• PXIe-8133: Real-time controller equipped with a 1.73 GHz quad-core Intel Core i7-820 processor and 8 GB of dual-channel 1333 MHz DDR3 random access memory (RAM) [9] .
• NI 5791R: 100 MHz bandwidth baseband transceiver module equipped with dual 130 MSamples/s analog-todigital converter (ADC) with 14-bit accuracy, and dual 130 MSamples/s digital-to-analog converter (DAC) with 16-bit accuracy [10] .
• PXIe-7965R: Field-programmable gate array (FPGA) module equipped with a Virtex-5 SX95T FPGA optimized for digital signal processing, 512 MB of onboard RAM, and 16 direct memory access (DMA) channels for high-speed data streaming at more than 800 MB/s [11] .
In addition, NI modules sit in the NI PXIe-1075 chassis. The chassis plays a role in data aggregation with both FPGA processors and an real-time controller for real-time signal processing.
B. Radio Unit
The radio unit (RU) is composed of a 6 × 2 hybrid beamforming antenna array and an RU control board. Figure 2(c) shows the RU and the supplementary components for measurement, such as the power suppliers and an RU controller (a PC) with a self-designed control program to run the processor embedded in the RU control board.
The proposed 3D hybrid beamforming antenna array consists of two 6×2 subarrays based on dual polarization antenna shown in [12] . The proposed design is that 6 × 2 antenna elements with the same polarization are grouped together in the RF control board as a subarray and connected to a single baseband channel. This design reduced the size of the antenna array to half of that based on antennas with a single polarization. Furthermore, since the dual polarization antenna in [12] has, between Polarization 1 and Polarization 2, very similar 3D radiation patterns, the beamforming patterns of the subarrays with different polarizations can be nearly the same if required. Most importantly, this antenna gives high cross-polarization discrimination (XPD) in all directions, where XPD is defined as the ratio of the co-polarized average received power to the cross-polarized average received power and represents . In the RU, it takes approximately tens of µs time delay at the processor to process the input beam weight and additional hundreds of µs time delay at the six PSs and VGAs to update the beam weight (tens of µs time delay per PS and VGA). As a result, 1ms time delay, at most, is required to update the incoming beam weight into the hybrid beamforming antenna array, which is acceptable in the LTE since the uplink user scheduling information of a subframe is determined more than 1ms earlier than the actual receiving time. Note that the system control delay is limited by the TCP/IP and seriallink interface between the SDR receiver and the RU control board, this can be further optimized by implementing all the procedures in the FPGA chip.
IV. REAL-TIME HYBRID BEAMFORMING TESTBED
We now elaborate, in a processing order, our design blocks for a real-time 3D hybrid beamforming testbed. We assume that there is one transmitter with an omni-antenna as well as one receiver with a hybrid beamforming antenna array. The number of transmit and receive RF chains is one and the size of the subarray is 6×1. Figure 3 illustrates the block diagram of the implemented testbed. We first briefly introduce the main procedure of the experiment and explain the detailed process of the main blocks in the subsections that follow.
1) The SDR receiver randomly generates an initial beam weight and sends it to the RU controller through Transmission Control Protocol/Internet Protocol (TCP/IP). 2) The RU controller informs the RU control board of the beam weight, and the RU control board sets the beam weight.
3) The SDR transmitter sends a signal in LTE Release 8 format with an omni-antenna and the SDR receiver equipped with a hybrid beamforming antenna array receives a beamformed signal through real radio channels. 4) The SDR receiver performs synchronization, estimates the beamformed channel at the baseband, and decodes its desired signal. 5) In parallel with Step 4, the SDR receiver computes a new beam weight that provides better average SNR by using the previously used beam weight and the currently beamformed channel. 6) Proceed iteratively from Step 2 to Step 5.
A. Transmission and Reception
The transmission and the reception are based on the LTE Release 8. An LTE frame has a duration of 10ms and consists of 20 slots. Each slot has 0.5ms of duration and 6 orthogonal frequency division multiplexing (OFDM) symbols with an extended cyclic prefix (CP). Although the test link in the SDR testbed is for the uplink, the LTE downlink frame structure is instead used for the simplicity of the testbed. In transmission, the RSs and the modulated data symbols are orthogonally mapped to the different subcarriers. The cell-specific RSs of Antenna Port 1 in LTE is used; these are modulated to predefined QAM symbols. The sixth OFDM symbol of every first and eleventh slot of the frame includes a primary synchronization signal (PSS). In LTE, the PSS uses Zadoff-Chu sequences for synchronization that has zero autocorrelation with its nonzero circular shift. The length of the sequence is 63 in the frequency domain, and in the middle of the sequence is the DC-carrier with a null signal. In reception, to calculate the correlation between the ideal sequence and the estimated PSS, the PSS subcarriers need to be extracted from the received signal. For this reason, we designed a low-pass filter (LPF) using Xilinx's finite impulse response (FIR) IP core. The designed LPF has a cut-off frequency of 1.4 MHz, a stop-band attenuation of 50 dB, and a pass-band ripple of 0.1 dB. The correlation of PSS is calculated after the received signal samples pass through the LPF. The index of the peak is the first sample index of the OFDM symbol, including the PSS [13] .
For channel estimation, the RS subcarriers are extracted from the OFDM symbol after the CP removal. From the extracted RS subcarriers, a least square method is applied to estimate channel coefficients. Then to estimate the channel coefficients of the data subcarriers, we implement a linear interpolator using Xilinx's FIR IP core. The linear interpolator in each block estimates the channel coefficients of the data subcarriers as well as the RS subcarriers. The estimated channel coeffients are passed to the beam weight calculation block (described in the next subsection) and to the demodulation block for the data symbols to be decoded. For data decoding, a single-tap zero-forcing channel equalizer operates in each data subcarrier.
B. Beam Weight Computation
In this subsection, we explain the beam weight computation block. For notational convenience, we assume that the number of baseband channels is one but can be readily generalized. As noted in Section II, the proposed beam weight that maximizes the average SNR is given by a * = arg max a, a 2 =1 a H E[hh H ]a where a is the N -dimensional vector of candidate beam weight and h is the N -dimensional instantaneous CSI vector of antenna elements. Technically, it is obvious that the optimal beam weight is the dominant eigenvector of the spatial correlation matrix E[hh H ]. To obtain the spatial correlation matrix, however, the instantaneous CSIs of the antenna elements are to be measured and averaged out. Therefore, it may not be a priori to either the transmitter or the receiver in the hybrid beamforming structure for the reasons given in Section II.
The proposed algorithm is to iteratively track a * without the knowledge of the instantaneous CSI of the antenna elements or the spatial correlation matrix. Instead, we predict the beam weight with the history of the previously used beam weights and the corresponding received powers. We denote the beam weight of the ith iteration be a i , where an integer i ≥ 0 and a i is a unit vector. The beam weight computation procedure is as follows.
1) Generate a slightly perturbed beam weight from the current beam weight and apply the perturbed weight for the signal reception. 2) Estimate the CSIs of each subcarrier in the basedband that is beamformed with the slightly perturbed beam weight during a subframe. 3) Compute the power difference among the perturbation beam weight and previously used ones, and then find the unit vector g i which is expected to give the maximum SNR growth at a i .
4) Compute a new beam weight
where η i is chosen to normalize a i+1 and α i is a properly chosen step size.
Though we omit the proof in this article, note that the beam weight of the proposed algorithm converges near to the optimal beam weight (a ∞ = a * ) and the step-response convergence requires at most a few-hundred subframes. Note also in Fig. 3 that the beam weight computation block changes neither any operations in the LTE transmission nor in the reception blocks. The proposed algorithm is compatible with the LTE system, and in our prototype design, the LTE system is extended to a 3D hybrid beamforming-aided LTE system by including one additional processing block in the physical layer and the RU.
C. Beam Weight Update Procedure in Radio Unit
After the beam weight computation is done, the following steps are carried out to update the beam weight in the RU.
1) The real-time controller sends the beam weight to the RU controller through TCP/IP. 2) The RU controller runs the RU control program that has the pre-measured array calibration table.
3) The RU control program reads the beam weight, quantizes the phase and amplitude of each coefficient according to the specifications of the PS and the VGA, and sends the bit sequences of the quantized phase and amplitude information to the processor of the RU control board. 4) The processor of the RU control board commands PSs and VGAs to update the beam weights.
Based on the overall time delay in processing these steps, we define the time period of the beam weight as follows. In
Step 1, the measured time delay of TCP/IP per link is 1ms, then the total time delay of TCP/IP links from the real-time controller to the RU controller via server becomes τ 1 = 2 ms. In Steps 2 and 3, the measured processing time of the RU control program is τ 2 = 4 ms on average. In Step 4, the time delay is τ 3 = 1 ms as mentioned in Section III-B. Overall, the total time delay is τ 1 + τ 2 + τ 3 = 7 ms. In a worst-case scenario, the beam-steering operation in RU might take place during the entire one half frame since the duration of the half frame in LTE is 5 ms. Hence, we set up the beam update in RU in such a way as to operate every 3 half frames (15 ms), abandoning the two half frames prior to data decoding so as to avoid the error in the beam transition time of the RU. Although the proposed algorithm is designed to update the beam weight at every subframe (i.e., 1 subframe per iteration), a longer period is used in the SDR testbed to avoid errors caused. Figure 4 illustrates graphical user interfaces (GUIs) of the testbed controllers (SDR and RU control board) and a part of source code for the FPGA design.
V. EVALUATION RESULTS
In this section, we investigate the link-and system-level performances of the small cell networks of the conventional LTE system and the proposed hybrid beamforming-aided LTE system. We assume that the conventional LTE system is based on MIMO with directional antennas at the BSs. The simulation parameters are referred to in the LTE specification, which mirror the prototype settings in Section III. Figure 5 (a) illustrates our evaluation scenarios. For linklevel evaluations, we test beam tracking performances of the hybrid beamforming-aided LTE system using the realtime testbed described in Section III-A. An indoor-to-indoor channel in a rich scattering environment is considered. We measure the received SNR at the receiver in Spot A and Spot B. As can be seen from Table I , the proposed 3D hybrid beamforming-aided LTE system shows about 4-4.7 dB higher received SNR on average compared to the conventional LTE system. Figure 5(b) shows the measured sample SNR of a trial test that we move the transmitter with an omni antenna from Spot A to Spot B. The proposed scheme tracks the beam well even when the angular variation of the channel changes rapidly in the trial test.
So far, we have evaluated the smart small cell system through the real-time SDR testbed. For system-level evaluations, we use Wireless System Engineering (WiSE)-a 3D-ray tracing tool developed by Bell Labs [14] . As described in Table I , the trend of the measured SNR of the link-level evaluation is similar to the that of WiSE simulation. Note that the SNR differences between the testbed result and WiSE simulation are plausible since furnitures and small scatters are omitted in the WiSE simulation. Here we evaluate the downlink rate performance of the conventional LTE system and the 3D hybrid beamforming-aided LTE system in Veritas Hall C of Yonsei University in Korea. Five small cell BSs are deployed on the second floor and the third floor respectively according to the locations in Fig. 5(a) , and the downlink rate evaluation 1 Full demo video is available at http://www.cbchae.org/.
per MS is carried out. The MSs are uniformly distributed on every floor of the buildings and they are associated with the cell that provides the strongest SNR. For the proposed hybrid beamforming-aided LTE system, we assume that the uplink beam weight is reciprocal to the downlink beam weight, and the BS uses the saturated beam weight. For both systems, the small cell BSs have two transmit RF chains and the mobile stations (MSs) have two receive RF chains. Each cell randomly schedules one MS in the coverage and performs single-user MIMO with spatial multiplexing (LTE Transmission Mode 4). Figure 5 (c) illustrates the cumulative density function of the ergodic achievable rate of the MSs when the transmit power of the BSs is 23 dBm. We also depict the rate upper bounds (UBs) of both systems with assuming no intercell interference, i.e., rate of SNR. The high directive beam with a low side lobe level decreases the the inter-beam interference powers while increasing the desired power. The average rates of the conventional LTE system and the 3D hybrid beamforming-aided LTE system are 56.97 Mbps and 89.04 Mbps respectively. This gives rise to an enhanced rate performance, approximately 56% on average, for the entire service area.
VI. CONCLUSION As a major role in supporting a 5G small cell network, a smart small cell concept is proposed, in which a user-specific 3D hybrid beamforming is employed with an additional interference management. In this article, we first validated the feasibility of the proposed 3D hybrid beamforming by implementing a real-time soft-defined radio (SDR) testbed. Based on the measured data through the SDR testbed, we also performed 3D ray-tracing-based system-level simulations to investigate the system-level potential gain of the proposed smart small cell system. We expect our prototype design to provide worthwhile insights into developing the most viable solution like small cell for future wireless communication systems.
